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5 [0001] The United States Government may have rights in this invention 

pursuant to National Science Foundation Grant No. NSF NIRT 0304019, NSF 
0132573, and NSF ERG EEC-9731680. 

Background of the Invention 
[0002] Advances in technologies associated with electrical circuitry have led 

10 to great improvements in many fields. For example, the miniaturization of 
transistors has enabled computational speeds and data storage capacities for 
computers considered impossible only a few years ago. 

[0003] The field of nanotechnology, involving materials formed and utilized 
on a nanometer scale, has developed over the last several years as the next step 

15 in the ongoing attempt to further miniaturize materials. Some of the most exciting 
materials to be discovered in the field of nanotechnology are single-walled and 
multi-walled carbon nanotubes. Carbon nanotubes exhibit many desirable 
properties including high tensile strength, high surface area, light weight per unit 
length, and the capacity to conduct very high current densities, exceeding 10^ 

20 A/cm^. In particular, the electron transport properties of carbon nanotubes make 
them excellent candidates for incorporation into nanoscale circuit devices. 

[0004] Current theories suggest that three-terminal Y-junction nanotubes 
can exhibit the gating behavior characteristic of traditional transistors. As such, 
methods of forming Y-junction nanotubes have been devised. Presently known 

25 methods present many problems, however. For example, Li. et al. (U.S. Patent 
No. 6,325,909) disclose a method including the formation of an alumina template 
defining branched channels, growth of nanotubes in the channels via pyrolysis of 
acetylene using cobalt catalysis, and destruction of the template with acid to 
recover the branched nanotubes. This is a very detailed and time-consuming 

30 process, however, that can take as long as a week to complete. In addition, there 
exists the danger that the product nanotubes can be damaged in the process of 
destroying the template. 

[0005] According to another proposed method for forming Y-branched 
nanotubes, disclosed by Satishkumar. et al. ("Y-junction Carbon Nanotubes," 



Applied Physics Letters, 77(16), 2530 (2000)), networks of multi-walled nanotubes 
with random and frequent branches are synthesized via pyrolysis of 
metal locene/thiophene vapors. The process affords little or no control over the 
branching mechanism, however, and the products appear to have a high ratio of 
5 nanotubes with branching stubs, rather than true Y-junctions that could be used in 
electrical applications. 

[0006] One additional method, disclosed by LI, et al. ("Straight Carbon 
Nanotube Y Junctions," Applied Physics Letters, 79(12). 1879 (2001)), describes a 
process including the pyrolysis of methane over MgO-supported cobalt catalysts. 

10 The catalysts are prepared by dissolving Co(N03)2'6H20 in ethanol and then 
immersing MgO powder in the solution and sonicating. The mixture is then 
calcined for about 14 hours and reduced at 1000°C for one hour under hydrogen 
and nitrogen. Replacement of the nitrogen with methane results in the formation of 
branching nanotubes with fixed angles between each branch. These networks of 

15 branched nanotubes also form a majority of the junctions with two long arms and a 
third arm that is no more than a branching stub, similar to the products of 
Satishkumar. et al. 

[0007] What is needed in the art is a method for producing branched carbon 
nanotubes such as Y-junction carbon nanotubes that can be easily sized for bulk 
20 formation processes. In addition, what is needed in the art is a method for forming 
branched carbon nanotubes that includes a scheme to control the location and 
length of the branches formed along the length of the nanotubes. 

Summarv of the Invention 
[0008] The present invention is directed to a chemical-vapor deposition 
25 (CVD) method for forming branched carbon nanotubes. For example, the method 
can include providing precursor materials, mixing the precursor materials together, 
vaporizing the precursor materials and then heating the vaporized precursors to 
suitable CVD reaction conditions along with a vaporized carbon source to fomri 
branched carbon nanotubes according to a CVD process. In particular, the 
30 precursor materials can include a metallic catalyst source and a dopant source. 

[0009] Both the metallic catalyst and the dopant can be materials capable of 
reacting with carbon to form a carbide. In particular, the carbide-forming reaction 
of the dopant can be more thermodynamically favorable at the reaction conditions 
than the carbide-forming reaction of the metallic catalyst. In one embodiment, the 



metallic catalyst can be iron, which can be provided to the process in the form of, 
for instance, ferrocene. Other metal catalysts can similarly be provided to the 
process in the metallocene, if desired. 

[0010] In one embodiment, the metallic catalyst can be provided to the 
5 reactor at less than about 0.75 at.%. For example, the metallic catalyst can be 
provided to the reactor at between about 0.2 at.% and about 0.7 at.%. 

[001 1] In one embodiment, the dopant can be titanium, hafnium, or 
zirconium. For instance, the dopant can be titanium provided to the reactor in the 
fonri of tetrakis(diethylamino)titanium. In one embodiment, the dopant can be 
10 provided to the reactor at between about 0.5 at.% and about 4 at.%. For example, 
the dopant can be provided to the reactor at between about 1 at.% and about 3.5 
at.%. 

[0012] If desired, the carbon source can be an organic solvent that can also 

be utilized to form a solution of precursors. Organic solvents suitable for the 
15 process can include, for example, xylene, ethylene, or benzene. The carbon 

source is not limited to organic solvents, however, for example, in another 

embodiment, the carbon source can be methane. 

[0013] The precursor materials can be mixed together either before entering 

the reactor or after, as desired, and the precursor materials can be vaporized 
20 either internal or external to the reactor, as desired. For instance, the precursor 

materials can be vaporized at a temperature of less than about 200°C. In one 

embodiment, the precursor materials can be vaporized at a temperature of 

between about 125°C and about 175°C. 

[0014] The vaporized precursor materials and the carbon source can be 
25 heated to a reaction temperature in a reactor, and the branched nanotubes can 

spontaneously form via a CVD process. For example, the reaction temperature 

can be between about 650°C and about 850°C. 

[0015] According to various embodiments of the disclosed invention, the 

carbon source can be provided to the reactor either simultaneously with or 
30 subsequent to the mixture of precursors. If the carbon source is provided with the 

mixture of precursors, branches can form at the same time as a nanotube grows 

longitudinally. If the carbon source is provided subsequent to the mixture of 

precursors, the nascent branches can grow longitudinally from the branch 



3 



junctions without the formation of additional branches along the nanotube during 
longitudinal growth. 

[0016] The present invention is also directed to the branched carbon 
nanotubes formed according to the disclosed processes. In particular, the 
5 branched carbon nanotubes of the present invention can have doped 

nanoparticles attached to the walls thereof. The doped nanoparticles can include 
a first carbide-forming material (e.g., iron) doped by a second carbide-forming 
material such as titanium, zirconium, or hafnium, for example. In general, the 
doped nanoparticles attached to the walls of the branched nanotubes can include 
1 0 less than about 5 at.% dopant. 

[0017] The branched carbon nanotubes can have various different 
morphologies. For example, the branched nanotubes can include either a single 
or alternatively more than one branch emanating from a single branch junction. 
Additionally, the branched nanotubes can include branches along the length of the 
15 carbon nanotube, that is, they can include multiple branching loci along the length 
of the nanotube. IVIoreover, in one embodiment, the branched nanotubes can 
include a branch junction at the base, in effect forming a V-branched nanotube. 

Brief Description of the Drawings 
[0018] A full and enabling disclosure of the present invention, including the 
20 best mode thereof, to one of ordinary skill in the art, is set forth more particularly in 
the remainder of the specification, Including reference to the accompanying 
figures, in which: 

[0019] Figure 1 is a schematic diagram of one embodiment of a reactor that 
can be utilized in the disclosed process; 
25 [0020] Figure 2 is a schematic illustration of a branched carbon nanotube 

growth model for the process of the present invention; 

[0021] Figures 3 - 8 are TEM images of branched multi-walled nanotubes 
(MWNTs) of the present invention; 

[0022] Repeat use of reference characters in the present specification and 
30 drawings is intended to represent the same or analogous features or elements of 
the present invention. 

Detaiied Description of the Invention 

[0023] Reference will now be made in detail to various embodiments of the 
invention, one or more examples of which are set forth below. Each embodiment 



is provided by way of explanation of the invention, not limitation of the invention. In 
fact, it will be apparent to those skilled in the art that various modifications and 
variations may be made in the present invention without departing from the scope 
or spirit of the invention. For Instance, features illustrated or described as part of 
5 one embodiment may be used In another embodiment to yield a still further 
embodiment. Thus, It Is Intended that the present Invention cover such 
modifications and variations as come within the scope of the appended claims and 
their equivalents. 

[0024] The present Invention Is generally directed to a method for forming 

10 branched carbon nanotubes and the branched nanotubes formed according to the 
disclosed process. More specifically, the disclosed method is a chemical-vapor 
deposition (CVD) method in which a carbide-forming dopant is included in the 
precursor materials fed to the reactor. The presence of the carbide-forming dopant 
in the precursor materials can lead to the formation of nucleation sites or branching 

15 loci along the walls of the nascent nanotubes, and nanotube branches can develop 
and grow from the nucleation sites. Each branch can then continue to grow 
independently as long as a carbon source remains available at reaction conditions. 
As such, according to the presently disclosed processes, branched nanotubes can 
be formed In which not only can the location of the branches along the length of 

20 the nanotubes be controlled, but the length of the branches extending from the 
point of Initial fomiation can also be controlled. 

[0025] The disclosed process can be utilized In any CVD carbon nanotube 
formation process. For instance, while CVD processes are often used in forming 
multi-walled carbon nanotubes, it should be understood that the disclosed process 

25 is not limited to the formation of multi-walled carbon nanotubes and can, in some 
embodiments, be utilized to form branched single-walled carbon nanotubes. 

[0026] Figure 1 Illustrates one embodiment of a system generally 10 that 
can be utilized in the disclosed process. System 10 can be used to grow highly 
aligned and high purity nanotubes according to the disclosed CVD process. In this 

30 particular embodiment, system 1 0 can Include a two-stage furnace 1 2 that can be 
controlled such as by temperature controller 18 to provide a preheater 14 and a 
reactor 16 within the furnace 12. Optionally, the preheater 14 and the reactor 16 
can be independent heating zones within a single furnace, or two separate 
furnaces, I.e., a first preheater furnace and a second reactor furnace. Other 



standard process control measures and devices as are generally known in the art, 
such as mass flow controller 1 7, for example, can be included with the system 10 
to control the process either manually or automatically. 

[0027] An inert gas flow can be supplied to the system 10, such as via tank 
5 20, to provide a carrier flow for materials Into the furnace 12. In one embodiment, 
the inert carrier gas can be argon, though this is not a requirement of the present 
invention. Optionally, the carrier gas can include additional materials. For 
example, in one embodiment, the carrier gas can include hydrogen, which has 
been shown to enhance the production of the nanotubes while minimizing build-up 

10 of amorphous carbon within the reactor 1 6. 

[0028] The system 10 can also include a port 22 for inserting materials into 
the system 10. In one embodiment, the port 22 can be an injection port for 
injecting liquid materials into the system 10. Optionally, the port 22 can deliver 
precursor materials into the carrier gas flow upstream of the furnace 12, e.g., 

15 gaseous precursor materials, or alternatively, one or more materials can be 

delivered directly into the preheater 14, as is often the case with liquid precursor 
materials. 

[0029] The materials fed to the system can include a carbon source, which 
is generally a hydrocarbon that can, upon decomposition in the furnace, provide 

20 the elemental carbon for formation of the nanotubes. For example, in one 

embodiment, the carbon-containing precursor material can be xylene, ethylene, 
acetylene, methane, or benzene. The carbon source need not be limited to a 
hydrocarbon, however, and can be any suitable carbon-containing material that 
can decompose in the furnace to provide the elemental carbon necessary for 

25 growth of the developing nanotubes. 

[0030] According to one particular embodiment of the present invention, the 
carbon source can be an organic solvent that can also serve as a solvent for one 
or more of the other precursor materials. According to this embodiment, a 
precursor material can be dissolved in the organic solvent and the liquid solution 

30 containing both can be injected into the system such as via port 22. This is not a 
requirement of the present Invention, however. 

[0031] Optionally, dissolution of the precursor materials in an organic 
solvent can be facilitated by sonication of the mixture. For example, one or more 
precursor materials can be combined in an organic solvent and the mixture can 



then be sonicated in a warnn water bath to facilitate dissolution of any solid 
precursor materials and form a solution for injection into the system 10. 

[0032] The precursor materials fed to the system 10 can also include a 
component that contains a catalyst necessary for initial nucleation of the 
5 nanotubes and nucleation of the nanotube branches. Similar to the carbon source, 
the catalyst-containing precursor material can be any suitable material that can 
provide the catalyst necessary to initiate nanotube fomiation in the reactor. For 
example, metallic catalysts such as iron, cobalt, nickel, etc., can be utilized in the 
reactor to initiate formation of the nanotubes and the branches. In general, the 
10 catalyst can be a carbide-forming metal atom. In one particular embodiment, the 
catalyst-containing precursor material can be a metallocene, for instance 
ferrocene, cobaltocene, nickelocene, and the like, though other catalyst-containing 
precursor materials as are generally known in the art are also encompassed by the 
invention. 

15 [0033] Beneficially, in one embodiment of the present invention, a metallic 

catalyst can be provided to the reactor at levels lower than those of many 
previously known similar CVD processes. For example, according to some 
embodiments, a metallic catalyst can be supplied to the reactor at an atomic 
percentage of between about 0.2 at.% and about 0.7 at.%. For purposes of this 

20 disclosure, when considering the atomic percentage (at.%) of a material provided 
to the reactor, the atomic percentage of that material can be defined as the ratio of 
the number of moles of that material to the total number of moles of all of the 
reactive materials provided to the reactor. In particular, the reactive materials 
provided to the reactor can include all of the elemental carbon fed to the reactor, 

25 no matter what the source, as well as any catalyst(s) and dopant(s) fed to the 
reactor. It has been found that in some embodiments, by utilizing lower atomic 
percentages of metallic catalyst than was generally utilized in the past, the 
catalyst-containing precursor material can exhibit improved dissolution 
characteristics in an organic solvent. In addition, at lower concentration levels, the 

30 tendency of the catalyst-containing precursor material to precipitate out of solution 
during the process can be prevented. 

[0034] Of course, in other embodiments, a metallic catalyst can be provided 
to the system at higher concentrations. For example, a metallic catalyst can 
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optionally be provided to the reactor at concentrations greater than about 0.7 at.%, 
such as at about 0.75 at.%, or even higher, in some embodiments. 

[0035] According to the present invention, in addition to the standard carbon 
source and catalyst-containing precursor discussed above, an additional precursor 
5 material including a dopant can be provided to the reactor during the process. In 
particular, the dopant can be a carbide-forming material in which the carbide- 
forming reaction of the dopant is more themiodynamically favorable than the 
carbide-forming reaction of the catalyst at reaction conditions. 

[0036] For example, in one particular embodiment, the metiallic catalyst can 

10 be iron. Table 1 , below, presents values for the change in Gibbs free energy for 
several carbide forming reactions at 1000K (about 727°C) and atmospheric 
pressure. As can be seen, at these conditions, all of the materials listed have a 
change in Gibbs free energy for the formation of the carbide that is less than the 
change in Gibbs free energy for the iron carbide formation reaction. As such, 

15 according to the present invention, any of the below-listed materials can be 
provided to the reactor and utilized as a dopant in an iron catalyzed branched 
nanotube formation process. Of course, the efficiency of the different dopants can 
vary. That is, the percentage of nanotubes formed exhibiting branching can be 
greater when utilizing a more efficient dopant. For example, it is believed that 

20 hafnium, with a AGf of -25.141 Kcal/g-atom would be more efficient in forming 
branched nanotubes in an iron catalyzed process than would molybdinum, with a 
AGf of -4,086 Kcal/g-atom. 



Table 1 



Reaction 


Gibbs Free Energy 

(Kcal/g-atom) 


3Fe + C-* FeaC 


0.075 


Ti + C -* TiC 


-20.730 


Zr + C ^ ZrC 


-22.320 


Hf + C HfC 


-25.141 


V + C VC 


-12.193 


Nb + C -* NbC 


-16.248 


Ta + C -* TaC 


-17.361 


3Cr + 2C-* Cr3C2 


-5.727 


2Mo + C ^ M02C 


-4.086 


W + C ^ WC 


-4.295 
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[0037] Similar to the other precursor materials, the dopant can be supplied 
to the reactor 16 in any suitable form, i.e., in a form that can provide the elemental 
dopant in the reactor. For example, in one embodiment, the dopant can be 
titanium and can be provided to the reactor as tetrakis(diethylamino) titanium 
5 (Ci6H4oN4Ti). A non-limiting list of other possible dopant-containing precursor 
materials suitable for the present Invention can include tetrakis(diethylamino) 
zirconium (Ci6H4oN4Zr) and tetrakis(ethylmethylamino) hafnium (Ci2H32HfN4). 

[0038] In one embodiment, the dopant can be supplied to the reactor with 
the metallic catalyst at an atomic concentration of between about 0.5 at.% and 

10 about 4 at.% and branched nanotubes can spontaneously form in the reactor. In 
one embodiment, the dopant can be supplied to the reactor at a concentration of 
between about 1 at.% and about 3.5 at.%. For example, the dopant can be 
supplied to the reactor at between about 1 at.% and about 3 at.%. 

[0039] Referring again to Figure 1 , according to this particular embodiment, 

15 the precursor materials can be provided to the preheater 14, either together or 

separately, as desired, where they can be mixed, heated, vaporized and carried on 
to the reactor 16. In general, the preheater 14 can be heated to a temperature that 
is equivalent to or even less than preheat temperatures generally known in the art. 
For example, according to certain embodiments of the present invention, the 

20 preheater 14 can be heated to a temperature of about 250°C. In other 

embodiments, however, a lower temperature can be used in the preheater 14. In 
certain embodiments of the invention, a lower temperature in the preheater 14 has 
been found to reduce or eliminate problems associated with the precipitation of 
one or more of the precursor materials out of solution. According to this particular 

25 embodiment, the preheater 14 can be heated to a temperature of less than about 
200°C. For instance, the preheater 14 can be heated to between about 125°C and 
about 190°C. In one embodiment, the preheater 14 can be heated to between 
about 125°C and about 175°C. In one particular embodiment of the present 
invention, the process temperature of the preheater 14 can be about 150°C. 

30 [0040] The conditions in the reactor during the disclosed processes can 

generally be equivalent to those of other CVD nanotube formation processes as 
are known in the art. For example, reactor 16 can be heated to a temperature 
between about 650°C and about 850°C according to one embodiment of the 
disclosed invention. For instance, the reactor 16 can be heated to a temperature 



between about 700°C and about 850°C. In one embodiment, the reactor 16 can 
be heated to a temperature between about 650°C and about 750°C. In one 
particular embodiment, the reactor 16 can be heated to a temperature of about 
750°C. Within the reactor 16, nanotubes can grow spontaneously in highly 
5 ordered arrays on a substrate 23, for instance a quartz substrate 23, or any other 
suitable substrate material as is generally known in the art. 

[0041] According to the present invention, when the dopant is provided to 
the reactor 16 along with the metallic catalyst, branches can spontaneously form 
on the developing nanotubes. Moreover, branches will continue to form on the 

10 nanotubes as long as the dopant is provided to the reactor 16 with the catalyst. 
Upon cessation of flow of either the catalyst or the dopant, however, additional 
branches will not form, but the branched nanotubes already formed can continue 
to grow as long as the carbon is supplied at reaction conditions. 

[0042] While not wishing to be bound by any particular theory, it is believed 

15 that upon combination of the dopant with the catalyst, the dopant can dissolve in 
the catalyst and can form doped catalytic nanoparticles within the reactor. In 
particular, a catalytic particle of a doped metallic material can be formed that Is 
more thermodynamically favorable toward carbide formation than is the pure 
metallic catalyst. Due to the more favorable carbide formation properties of the 

20 doped material, the doped nanoparticle can become attached to the wall of 
developing carbon nanotube and can form a nucleation site for a branch on the 
developing nanotube. 

[0043] This growth model for the process of the present invention is 
schematically illustrated in Figures 2a-2e. At Figure 2a can be seen a developing 

25 nanotube 26 initially nucleated at 24 and developing according to a root growth 
method, that is, a growth method in which carbon is absorbed at the root and then 
ejected in the form of a vertically aligned nanotube. At Figure 2b a supply of 
doped catalyst particles 28 are supplied to the reactor. Due to the favorable 
carbide forming thermodynamic characteristics of the doped particles 28, the 

30 particles 28 can become attached to the growing nanotube wall, as shown at 
Figure 2c. Nucleation of nanotube material (carbon) can then occur around the 
attached catalyst particle (Figure 2d). Nanotube branches 27 begin to grow from 
the junction upon supply of the nanotube material to the system, and the branched 
nanotube can continue to develop, as shown at Figure 2e. 

10 



[0044] According to one embodiment of the present invention, the location 
of branches along the length of the nanotubes can be controlled by controlling the 
content of the precursor mixture that is fed to the reactor 16. More specifically, 
following initial nucleation of the nanotubes in the reactor 16, the nanotubes can 
5 continue to grow as long as carbon is supplied at reaction conditions. Decrease of 
the carbon flow rate in the reactor can slow or cease longitudinal growth of the 
developing nanotubes. In addition, nucleation sites for branches along the 
developing nanotubes can only form when both the catalyst and the dopant are 
provided to the reactor together. That is, when the catalyst and the dopant are fed 

10 to the reactor together, the doped catalytic nanoparticles can form and can adhere 
to the nanotube walls at or near the top of the developing nanotube and form a 
branch junction. Thus, by controlling the content of the flow to the reactor, a 
control mechanism for the nucleation and formation of branches along the length 
of the nanotubes can be provided. Specifically, when carbon is available, the 

15 nanotubes will continue to grow longitudinally, and when both of the catalyst and 
the dopant are available branching loci can form at the top of the nanotubes. 

[0045] It is believed that the doped catalytic nanoparticies can adhere at or 
near the top of developing nanotubes primarily due to the characteristics of the 
nanotube mat formed according to a CVD process. More specifically, a CVD 

20 process, such as those herein described, can provide a dense, highly ordered 
array of carbon nanotubes, and as such, the doped nanoparticles can be 
physically hindered from accessing lower areas of the dense mat of nanotubes. 
As such, branches can develop at or near the top of existing nanotubes when the 
combination of dopant and catalyst are provided to the reactor. 

25 [0046] Moreover, the flow rates of the various precursor materials can also 

be manipulated to provide branched nanotubes having specific morphologies. For 
example, in one embodiment, carbon can be provided to the reactor simultaneous 
with the dopant/catalyst combination. According to this embodiment, the product 
nanotubes can form with multiple branch junctions along the length of the 

30 nanotube. In an alternative embodiment, the carbon flow rate can be slowed or 
stopped while the dopant/catalyst mixture is provided and then the carbon flow can 
be resumed without flow of the dopant/catalyst mixture. According to this 
embodiment, the nanotubes can develop a single branch junction along the length 
of the nanotube. Additionally, reactor temperature can affect the morphology of 



the product nanotubes, for example, nanotubes including multiple branches 
emanating from a single junction are more likely to form at lower reactor 
temperatures. 

[0047] One possible multi-stage growth process can be described as 
5 follows: following initial nucleation of the nanotubes on a substrate held in a 

reactor, the carbon source can be supplied to the reactor with or without one of the 
dopant-containing precursor or the catalyst-containing precursor, but not with both 
together. During this stage of development, the nanotubes can develop with no 
branches. Following this stage, the vapor flow into the reactor can be changed to 

1 0 include both the dopant-containing precursor and the catalyst-containing 
precursor. Moreover, the flow of the dopant/catalyst mixture can be initiated 
simultaneous with a decrease or halt in the flow of the carbon source. During this 
third stage of development, longitudinal nanotube formation can slow or halt at the 
same time as the doped catalyst nanoparticles adhere at or near the top of the 

15 nanotubes at substantially the same height across the dense mat of nanotubes. 
Following this stage, the flow of dopant and/or catalyst can be halted and the flow 
of the carbon source can be increased or resumed. This brings on a final stage of 
development during which branches can begin to grow from the nucleation sites 
formed by the attachment of the doped catalyst nanoparticles to the nanotubes. 

20 The branches can then grow in length as long as the supply of carbon continues 
through the reactor. A TEM image of a nanotube formed according to such a 
multi-stage growth process can be seen in Figure 8. Optionally, this process can 
be repeated to produce an array of branched nanotubes with branch junctions 
occurring at specific heights along the lengths of the nanotubes. 

25 [0048] Of course, the doped nanoparticles can also initialize formation of the 

nanotubes on the substrate. Moreover, according to this particular embodiment, 
when both the dopant and the catalyst are provided to the reactor for a period of 
time, generally greater than about five minutes, during initialization of the 
nanotubes, the nanotubes can be initialized with a junction at the base of the 

30 nanotube, i.e., a V-junction nanotube can be formed. 

[0049] Figures 3-8 are TEM images of exemplary branched nanotubes 
formed according to the presently disclosed processes. As can be seen in the 
figures, the branched nanotubes of the present invention can include the doped 
catalyst nanoparticles attached to the formed nanotubes at or near the branch 



junctions on the nanotubes. For instance, in Figure 3, the darker doped catalyst 
nanoparticle is clearly visible attached to the nanotube at the branch junction. As 
can additionally be seen in the figures, in particular in Figures 6 and 7, in some 
embodiments, the product nanotubes can include the doped nanoparticles 
5 attached to the walls of the nanotubes, but at a slight distance from the branching 
site. While not wishing to be bound by any particular theory, this is believed to be 
caused either when a branch fails to develop, such as due to inadequate amount 
of catalyst in the particle or inadequate supply of carbon to the site, or optionally 
when the doped nanoparticles become dislodged from the original branch junction 

10 and are driven up or down the branch during the subsequent nanotube growth. In 
any case, the branched nanotubes of the present invention can include one or 
more of the doped catalyst nanoparticles attached to the product nanotubes. 

[0050] The relative amount of dopant present in the nanoparticles will, of 
course, depend upon the solubility of the dopant in the catalyst material at the 

15 reaction conditions, but in general can be less than about 5 at. % of the 

nanoparticle. For example, in one particular embodiment, the catalyst can be iron, 
and the dopant can be titanium. In this particular embodiment, the doped 
nanoparticles attached to the walls of the product nanotubes can be less than 
about 2 at. % titanium, and in some embodiments less than about 1 at. % titanium, 

20 which is consistent with the solubility of titanium in iron at the disclosed reactor 
conditions. 

[0051] The disclosed invention can be better understood with references to 
the following examples. 

Example 1 

25 [0052] Ferrocene was dissolved into a mixture including xylene and tetrakis 

(diethylamino) titanium (Ci6H4oN4Ti) at a concentration of 0.7 at.%. Mixtures with 
varying atomic concentration of Ti (1 to 3 at.%) were injected into the preheater of 
a system such as that schematically illustrated in Figure 1. The preheater was 
maintained at or near 150°C. The liquid mixture was vaporized in the preheater 

30 and was carried by a carrier flow of a mixture of argon and hydrogen into the main 
quartz tube reactor. The temperature in the reactor of the furnace (described as 
CVD temperature in Table 2) was varied between about 650°C and about 850°C. 
Mats of oriented branched multi-walled nanotubes grew spontaneously on quartz 
substrates placed inside the reactor. Results are summarized in Table 2, below. 



Table 2 



at.% Tl 


at.% Fe 


CVD temp. 

ro 


injection 
duration 
(min.) 


% IMWNTs 

with 
branches 


morphology 


3 


0.7 


650 


20 


-70 


Frequent double 
branching 


3 


0.7 


700-750 


20-60 


-75-100 


Large amount of 
Y-junction 
MWNTs 


3 


0.7 


800 


20 


-50-60 


Irregular and 
corrugated 
stems 


3 


0,7 


850 


20 


-10-15 


Branching near 
base 


1 


0.7 


750 


30 


-25 


Con-ugated 
stems, frequent 
branching 



[0053] Figures 3-7 illustrate TEM images of individual nanotubes obtained. 
Individual nanotubes were harvested from the mats and sonicated in ethanol to 
5 disperse them before being dispersed onto TEM grids for characterization. 

[0054] The corrugations present on the walls of some of the product 
nanotubes visible, for example, in Figures 4-7, was attributed to the presence of 
nitrogen in the titanium compound, as previous work with nitrogen has shown it 
efficacious for synthesizing nanotubes with similar stmctures. 
10 Example 2 

[0055] MWNTs were grown on 12 quartz substrates. Each substrate was 
assigned a tracking number 1-12. The preheat stage of the fumace was at 150°C 
and the reactor stage was at 750°C for all processes. Initially, all 12 substrates 
were subjected to a first growth stage consisting of a 5 minute injection of a 
15 precursor mixture containing 0.7 at.% Fe and 3 at.% Ti dissolved in xylene. Upon 
conclusion of this stage, substrates 9-12 were removed from the furnace and 
placed in a dessicator jar to prevent oxidation. 

[0056] Following removal of substrates 9-12 from the reactor, substrates 1-8 
were subjected to a second growth stage of a 30-minute injection of pure xylene. 
20 Following this injection, substrates 1-4 were removed from the furnace and placed 
in a dessicator jar. 

[0057] Substrates 5-8 were then subjected to a third growth stage of a 30 
minute injection of a solution including 0.7 at.% Fe and 3 at.% Ti in xylene. These 
substrates were then removed from the reactor. 

14 



[0058] Substrates 9-12 were later removed from the dessicator jar and 
returned to the reactor, where they were subjected to a second growth stage of a 
30 minute injection of a mixture of 3 at.% Ti in xylene. 

[0059] A summary of the various growth stages for all of the substrates 1-12 
5 can be seen in Table 3, below. 

Table 3 



Substrate 


First 
S 


Growtli 

tage 


Secon 
S 


d Growtli 

tage 


Third 

SI 


Growth 

tage 




at.%Fe/ 
at.%Ti 


injection 
time(min) 


at.%Fe/ 
at.%Ti 


injection 
time(min) 


at.VoFe/ 
at.%Ti 


injection 
time(min) 


1 


0.7/3 


5 


0/0 


30 






2 


0.7/3 


5 


0/0 


30 






3 


0.7/3 


5 


0/0 


30 






4 


0.7/3 


5 


0/0 


30 






5 


0.7/3 


5 


0/0 


30 


0.7/3 


30 


6 


0.7/3 


5 


0/0 


30 


0.7/3 


30 


7 


0.7/3 


5 


0/0 


30 


0.7/3 


30 


8 


0.7/3 


5 


0/0 


30 


0.7/3 


30 


9 


0.7/3 


5 


0/3 


30 






10 


0.7/3 


5 


0/3 


30 






11 


0.7/3 


5 


0/3 


30 






12 


0.7/3 


5 


0/3 


30 







[0060] Upon analysis of the product nanotubes, branches were only found 
on the MWNTs of substrates 5-8. Thus, it is clear that branching only occurs when 

1 0 both the metallic catalyst and the dopant are present in the precursor materials. 

[0061] It will be appreciated that the foregoing examples, given for purposes 
of illustration, are not to be construed as limiting the scope of this invention. 
Although only a few exemplary embodiments of this invention have been described 
in detail above, those skilled In the art will readily appreciate that many 

15 modifications are possible in the exemplary embodiments without materially 

departing from the novel teachings and advantages of this invention. Accordingly, 
all such modifications are intended to be included within the scope of this invention 
that is defined in the following claims and all equivalents thereto. Further, it is 
recognized that many embodiments may be conceived that do not achieve all of 

20 the advantages of some embodiments, yet the absence of a particular advantage 
shall not be construed to necessarily mean that such an embodiment is outside the 
scope of the present invention. 
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